of the dopaminergic system in the brain induced by dopamine-receptor antagonists or by specific neurotoxin terminal lesions results in motor disturbances in rats. In order to specify further the role of the different dopamine pathways in the brain on motor function, the performance of rats trained in an operant reaction-time task was examined after systemic administration of a dopamine-receptor antagonist, cr-flupenthixol, and after specific destruction of dopamine neurons by 6-hydroxydopamine perfusion into the nucleus accumbens or caudate nucleus. Rats were trained to press a lever and release it as quickly as possible after a lightcue conditioned stimulus (CS). Reaction time was measured from the CS to the release of the lever for each trial. a-Flupenthixol (0.2 and 0.4 mg/kg) injected intraperitoneally impaired the reaction-time performance of the rats. While disruption of dopamine activity in the nucleus accumbens did not affect the performance of the rats, lesions of the dopamine terminals of the nigrostriatal pathway in the corpus striatum (59% decrease in posterior striatal dopamine) significantly impaired reaction-time performance. These results show that moderate decreases in dopamine function restricted to the corpus striatum can disrupt sensitive motor performance, and support the hypothesis that dopamine in the corpus striatum has a role in the initiation of complex goal-directed responses.
Impairment
of the dopaminergic system in the brain induced by dopamine-receptor antagonists or by specific neurotoxin terminal lesions results in motor disturbances in rats. In order to specify further the role of the different dopamine pathways in the brain on motor function, the performance of rats trained in an operant reaction-time task was examined after systemic administration of a dopamine-receptor antagonist, cr-flupenthixol, and after specific destruction of dopamine neurons by 6-hydroxydopamine perfusion into the nucleus accumbens or caudate nucleus. Rats were trained to press a lever and release it as quickly as possible after a lightcue conditioned stimulus (CS). Reaction time was measured from the CS to the release of the lever for each trial. a-Flupenthixol (0.2 and 0.4 mg/kg) injected intraperitoneally impaired the reaction-time performance of the rats. While disruption of dopamine activity in the nucleus accumbens did not affect the performance of the rats, lesions of the dopamine terminals of the nigrostriatal pathway in the corpus striatum (59% decrease in posterior striatal dopamine) significantly impaired reaction-time performance. These results show that moderate decreases in dopamine function restricted to the corpus striatum can disrupt sensitive motor performance, and support the hypothesis that dopamine in the corpus striatum has a role in the initiation of complex goal-directed responses.
The large-scale inactivation of central nervous system dopamine function with dopamine-receptor antagonists and midbrain neurotoxin lesions results in a behavioral syndrome not unlike severe Parkinson's disease in man. Rats show akinesia, catalepsy, and are impaired in performance in a variety of behavioral situations (John and Killam, 1959; Fibiger et al., 1974; Koob et al., 1984) . Rats are particularly impaired in the acquisition of avoidance behavior in which the animal must make a response to a conditioned stimulus (CS) that predicts an aversive event, such as an electrical shock. Dopamine-receptor antagonists (John and Killam, 1959) , intraventricular injection of 6-hydroxydopamine (Cooper et al., 1973) , and lesions of the nigrostriatal dopamine system (Fibiger et al., 1974) all dramatically impair acquisition of an active avoidance response. These deficits are reversed by L-DOPA treatment (Zis et al., 1974) and appear to depend on a large depletion of dopamine in both major projections of the midbrain dopamine system, the mesocorticolimbic and nigrostriatal dopamine systems (Koob et al., 1984) .
Dopamine-receptor antagonists disrupt other types of motor control in rats (Falk, 1969; Fowler et al., 1984) , but comparatively little work has been directed to the exploration of the specific role of dopamine pathways in reaction-time performance in animals. Dopamine-receptor antagonists produce increases in reaction time in man (Spohn et al., 1985) , and patients with Parkinson's disease also show significant increases in reaction time (Conde et al., 198 1; Evarts et al., 198 1) .
The purpose of the present study was (1) to examine the effects of systemic dopamine-receptor blockade on performance in an operant reaction-time task, and (2) to examine whether depletion of striatal or accumbens dopamine could mimic any of the effects of the CNS dopamine-receptor blockade.
Materials and Methods
Subjects. Twenty-seven male albino Wistar rats (Charles River Laboratories), weighing 160-l 80 gm, were housed in groups of 3 and maintained on a 12 hr light cycle with lights on at 7 A.M. Rats were first deprived of food for 48 hr, then maintained at -80% of the weight of free-feeding rats by restricting the amount of food ration provided after the daily experimental session to 15 gm/d/rat. No difference in weight between sham and experimental animals was observed. Weights at the end of the experiment ranged from 320 to 380 gm.
Apparatus. Four operant chambers (25 x 30 x 27.5 cm) were used. They were constructed of aluminum with grid floors. Each chamber was supplied with a food-pellet dispenser (model D-1; Ralph Gerbrands Co., Arlington, MA) located centrally behind one of the shorter walls, and with a retractable lever (model RRL-005; BRS/LVE Division of Technical Service Inc., Beltsville, MD), requiring a force of 0.12 N for switch closure and located 2.5 cm to the right of the reinforcement tray and 3.0 cm from the grid floor.
Procedure. Animals were first trained to lever-press for food on a continuous reinforcement schedule until they obtained 100 pellets. They were then trained on a reaction-time paradigm modified from Conde et al. (1978) . The task consisted of pressing down on a lever and releasing it as quickly as possible (reaction time) after a light-cue conditioned stimulus (CS: 3 flashing lights located above the lever).
Rats initiated the trial by pressing the lever, then waiting for the CS for a variable period of time (delays). Four different time periods (DI = 0.25, D, = 0.5, D, = 1.0, D, = 2.0 set) could be delivered at random preceding the CS. If the rats failed and released the lever before the light (anticipation), no reward was given and a new trial was initiated. If the rats met this first criterion, they then had to release the lever within 1 
j--J-I I e ay period: lever must be held down for this period 3z.A Reaction time window: lever must be released within 1 set of light onset . If the rat failed and released the lever before the light, no reward was given and a new trial had to be initiated. If the rat succeeded in this first criterion, the light would come on and the rat had to release the lever within 1 set in order to be reinforced. The time period from the CS to the lever release was measured as the reaction time (RT). The positive reinforcer (Rf) was a 45 mg Noyes food pellet delivered at each successful trial. The session ended after 100 trials.
set after the CS onset to be reinforced with a food pellet. The lights would stay on until the release of the lever within the I set period. The time period from CS onset to lever-release detection was measured as the reaction time. The positive reinforcer was a 45 mg Noyes food pellet delivered for each successful trial (see Fig. 1 ). There was no house light in the operant chamber.
The session ended after 100 trials. Animals were trained every day between 12 A.M. and 2 P.M.. 5 d/week. A stable baseline (criterion: 85% of reaction times were within the 1 set restriction) was' obtained after 25-30 sessions.
Experiment I. After the training sessions, rats were injected intraperitoneally for 4 d with a saline solution (0.9% sodium chloride; 1 ml/kg) 2 hr before each daily session. On the fifth day, rats were divided into 4 groups of equal levels of performance (i.e., rats with low or very high percentages of successful reaction times were counterbalanced in each group) and received 4 different doses of a-flupenthixol (0.0, 0.1, 0.2, and 0.4 mg/kg, i.p.) 2% hr before testing (n = 7/group, except for 0.4 mp/kg, where n = 6). They were then tested in the operant chambers for their reaction-time performance.
Experiment II. The same animals were divided into 3 groups, with the same proportion of rats showing good (80% success) or moderate (50% success) performance, and were evenly distributed according to the dose of cu-flupenthixol previously administered. They were then prepared for surgery. The rats were anesthetized with pentobarbital(50 mg/kg, i.p.) and secured in a Kopf stereotaxic instrument with the tooth bar 5 mm above the interaural line. One group (n = 8) received bilateral injection of 6-OHDA (6-hydroxydopamine; 8 &2 ~1, expressed as free base) dissolved in saline containing ascorbic acid (0.1 ma/kg) into the nucleus accumbens. 6-OHDA was injected through a 30-gauge cannula bilaterally into the nucleus accumbens at a rate of 1 ~113 min (coordinates: anteroposterior (AP) + 3.2 from bregma; mediolateral (ML) rt 1.7; dorsoventral (DV) -7.8 from skull surface). A second group (n = 8) received bilateral injections of 6-OHDA into the caudate nucleus following the same procedure (coordinates: AP + 1.8 from bregma; ML t 2.8; DV -5.5 from skull surface).
The third group was divided into 2 control subgroups (sham), which received bilateral injections of vehicle alone (2 ~1) either into the nucleus accumbens (n = 6) or into the caudate nucleus (n = 5). All the rats were allowed 1 week to recover after surgery and were maintained with 20-25 gm food per rat/d.
The baseline tested during the 4 previous sessions for the 3 different groups before surgery served as the control for the lesion effect. All rats were then tested on the reaction-time procedure for 4 subsequent sessions.
Data analysis. Results were expressed as the percentage success of the reaction time (i.e., numbers of lever releases occurring within the reaction-time limit, divided bv the number of CS). For each session. mean correct reaction time in milliseconds was also'calculated. All long reaction times (above 1 set) were also analyzed separately.
For experiment I, the percentage scores were subjected to a 3-factor analysis of variance (ANOVA) with repeated measures on 2 factors. The drug groups constituted the independent factor (dose), the sessions pre-and postdrug were the first dependent factor (session), and the 4 different delays were the second dependent factor (delay). Individual means were compared using a paired t test. After no significant differences in performance for the 4 different delays were observed, we analyzed the mean reaction time before drug treatment (mean of the 4 baseline sessions) and during the test day with a 2-way ANOVA, with the drug groups (dose) forming the independent factor, and sessions preand postdrug forming the dependent factor. For reaction times above the 1 set limit, an ANOVA was calculated using a log transformation to maintain homogeneity of error variance between the means (Winer, 1971) . For experiment II, the percentage scores were analyzed with a 3-factor ANOVA, where the independent factor was lesion group, the sessions prelesion (4 d) and postlesion (4 d) formed the first dependent factor, and the second dependent factor was delay. Individual group comparisons within a factor were analyzed using a Newman-Keuls a posteriori test (Winer, 197 1) . Data from the sham animals for the nucleus accumbens and corpus striatum were not sinnificantlv different from each other and were pooled for comparison with the lesion groups.
Because of the possibility of inherently skewed distribution of percent scores (Winer, 1971 ) all ANOVAs were recalculated using an arcsin transformation. However, such transformed ANOVAs did not differ significantly from the calculations using the raw data and are therefore not reported. Means ofcorrect reaction time (within 1 set) were obtained for all rats on each session pre-and postlesion and subjected to a 2-factor ANOVA (lesion group was the independent factor and performance by sessions pre-and postlesion the dependent factor).
At the end of the experiment, all the 6-OHDA-injected rats and the sham animals were decapitated and forebrain structures [anterior caudate (AC), posterior caudate (PC), and nucleus accumbens (N. Act.)] were removed from coronal slices and stored at -40°C until assayed for dopamine and dihydroxyphenylacetic acid (DOPAC) using electrochemical detection followina senaration bv hiah-nressure liauid chro---matography (Felice et al., 1578) . The anterior caudate was defined as the portion of the corpus striatum taken from the coronal cut containing the nucleus accumbens and was located dorsal to the nucleus accumbens. The posterior striatum was defined as any striatal tissue posterior to the coronal slice containing the nucleus accumbens (see also Koob et al., 1984) .
Results

Treatment
with ol-flupenthixol significantly impaired the performance of the rats, as measured by a decrease in the percentage of correct trials (see Fig. 2 ). Analysis of variance revealed a significant dose x session interaction (F = 4.888, df = 3.23, p -c 0.05). There were no significant interactions with delay (F -c 1) . Individual comparisons of means, using a paired t test, showed that the 0.2 and 0.4 mg/kg doses significantly reduced the percentage of correct scores, as compared to baseline performance. Reaction time during correct trials increased with ol-flupenthixol (see Fig. 2 ), as shown by a significant interaction between dose and session (ANOVA: F = 7.64, df = 3.23, p < 0.05). At the highest dose (0.4 mg/kg), the mean reaction time showed a significant increase of 150 msec [t(pair) (df= 5) = 3.441. Reaction times of the incorrect trials (i.e., reaction times above the 1 set limit) also increased with the higher doses of oc-flupenthixol (see Table lA ), as revealed by the ANOVA following log transformation (F = 3.07, df= 3.23, p < 0.05). While these results are significant, they represent only a part of the behavioral effects of cr-flupenthixol. The drug also significantly decreased the number of trials attempted by the rats (see Table 1B ). In effect, the rats stopped responding before the end of the session at the higher doses of a-flupenthixol.
Effects similar to those observed with oc-flupenthixol were seen after a 6-OHDA lesion of the caudate nucleus, but not of the nucleus accumbens (see Fig. 3 ). Analysis of variance revealed a significant lesion x session interaction (F = 10.48, df= 2.24, p -C 0.05). Subsequent analysis within the caudate group showed that performance on sessions l-4 postlesion was significantly decreased compared to baseline performance (Newman-Keuls test; p < 0.05) (see Fig. 3 ). The rats in the lesion groups completed all sessions and failed to show the decrease in the number of trials completed observed in the rats treated with oc-flupenthixol. While reaction times were not modified in the rats with a nucleus accumbens lesion, an increase in reaction time of 30 msec in the first postlesion session and of 100-l 20 msec for the following postlesion sessions was observed for the group with a caudate lesion (see Fig. 4 ). Analysis of variance revealed a significant group x sessions interaction (F = 8.03, df = 2.24, p < 0.05). While the reaction time of incorrect trials did not significantly increase (F < 1 following log transformation), the number of incorrect lever releases increased for the rats with a 6-OHDA lesion of the caudate nucleus (see Table 2 ). Biochemical analysis of the brains of rats with 6-OHDA lesions of the nucleus accumbens (see Table 3 ) revealed a 75% depletion of dopamine, a 67% depletion of DOPAC-recorded as nanograms per milligram protein in the nuclear accumbensand depletions of 50% of dopamine and 46% of DOPAC in the anterior caudate, as compared to unlesioned animals. No significant depletion (9%) of dopamine or DOPAC was observed in the posterior caudate in this group. Animals with 6-OHDA lesions of the caudate nucleus (see Table 3 ) showed a 59% depletion of dopamine and a 43% depletion of DOPAC in the posterior caudate, but only a 17.3% depletion of dopamine and a 3.3% depletion of DOPAC in the anterior caudate. No significant changes in dopamine and DOPAC levels as compared to control were revealed in the nuclear accumbens for these animals. Discussion These experiments show that systemic administration to rats of the dopamine-receptor antagonist ol-flupenthixol disrupted performance in an operant reaction-time task. This deficit in reaction time reflected an overall deficit in performance, as manifested by a complete cessation of responding after 37 trials at the 0.4 mg/kg dose. However, the rats appeared to still be motivated by the food reinforcement, as they ate food pellets delivered by the experimenter. Previous work using a discriminative motor control task has shown similar performance deficits in rats (Falk, 1969; Fowler et al., 1984) . In these studies, chlorpromazine, haloperidol, and clozapine produced dose-related decreases in time spent on the task (the amount of time the animal was in contact with a force transducer that had to be pressed for a minimum of 2 set to obtain a reinforcer), and decreases in the number of reinforcers obtained (Fowler et al., 1984) .
In an attempt to localize the neuroanatomical site for this dopamine-receptor antagonistic effect, the rats were subjected to lesions of each of 2 of the major terminal projections of the midbrain dopamine systems, the nucleus accumbens and the corpus striatum. Lesions of the nucleus accumbens failed to alter reaction-time performance at any time postlesion. In contrast, denervation of dopamine in the caudate nucleus significantly impaired performance 7 d postlesion, and the deficit appeared to become more pronounced over sessions. This deficit in performance in the lesion rats was not accompanied by a general disruption in the ability to perform the task, and the rats continued to complete all sessions.
The difference between the 2 lesion groups cannot be explained by a simple difference in relative dopamine depletion in the 2 regions, since the rats with lesions of the nucleus accumbens actually had a larger depletion (75%) than the rats with caudate lesions (59%). Indeed, an important aspect of the pres- em study is that the test appears sensitive enough to expose a deficit with less than a complete lesion of the caudate nucleus. Whether this performance deficit reflects a partial depletion of a large part of the caudate nucleus or a large depletion of one specific subregion remains to be determined.
Knowledge of the role of the corpus striatum in motor performance has a long history, dating from the introduction of the term "extrapyramidal motor system" (Wilson, 19 12) ; the corpus striatum has been considered a possible substrate for a variety of neuorological disorders, such as Huntington's disease, tardive dyskinesia, and Parkinson's disease. Indeed, the main symptoms of Parkinson's disease (akinesia, rigidity, and tremor) are thought to be due to a loss of dopamine in the nigrostriatal dopamine pathway (Hornykiewicz, 1973) .
However, Parkinson's disease is now known to involve decreases in dopamine function in more than simply the corpus striatum (Price et al., 1978; Javoy-Agid and Agid, 1980) and thus the specific contribution of the different dopamine projections to the function of the extrapyramidal motor system has been the subject of increasing inquiry. Similar questions can be asked concerning the role of the different dopamine projections in the behavioral action of dopamine-receptor antagonists (antipsychotic drugs) (Koob et al., 1984) .
In the rat, the neurotoxin-induced lesion of the region of the nucleus accumbens (ventral striatum) produces decreases in motor activation caused by indirect sympathomimetics (Kelly et al., 1975) as well as decreases in the activation produced by some environmental contingencies (Koob et al., 1978; Robbins and Koob, 1980; Robbins et al., 1983) . In contrast, neurotoxininduced lesions of the corpus striatum decrease the stereotyped behavior produced by indirect sympathomimetics, but can actually increase locomotor activity (Creese and Iversen, 1974; Kelly et al., 1975; Koob et al., 1984) . In cats, local injections of haloperidol into the caudate nucleus produce deficits in the ability of the animals to respond to specific cues (Cools et al., 1976) . These types of deficits and data showing profound sensorimotor neglect in rats with large dopamine depletions in the corpus striatum (Marshall, 1979) have led to the general hypothesis that the dopamine in the caudate nucleus has a role in integrating sensory and motor information for the initiation of complex motor responses.
The question remains as to whether the extrapyramidal motor system acts in concert in such a function, or whether the different parts of the extrapyramidal motor system function differentially on the basis of differential input and output. Anatomical data on corticostriatal projections based on studies of fiber degeneration in the neostriatum following cortical lesions showed that frontal-association cortex projected to the anterior caudate, whereas somatosensory and motor cortex projected to the posterior parts of the caudate in monkeys (Kemp and Powell, 1970) . However, recent autoradiographic studies following tracer injections in localized parts of the cortex indicate that the association cortex projects throughout all anteroposterior subdivisions of the caudate (Goldman and Nauta, 1977; Selemon and Goldman-Rakic, 1985) and that the motor and premotor parts of the cortex have similar anteroposterior projections in the putamen in monkeys (Kunzle, 1975) . This distribution of corticostriatal projections has not yet been shown in the rat. Thus, the deficit following depletion of dopamine in the posterior part of the caudate nucleus observed in this study may reflect an impairment in the processing of sensory information in order to produce a "motor" response. Exactly where this sensory information originates remains to be determined.
In summary, a selective depletion of dopamine in the posterior part of the caudate nucleus in rats causes a decrease in operant reaction-time performance characteristic of systemic dopamine-receptor blockade. Results suggest that partial lesions of dopamine in the caudate nucleus can produce subtle motor deficits that are not otherwise obvious and that dopamine in part of the caudate nucleus may be necessary for initiating a conditioned movement to a sensory cue.
